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The notion that dark matter and standard-model matter are connected through ﬂavor implies a generic 
collider signature of the type 2 jets+ μ± + e∓ +missing energy. We discuss the theoretical basis of this 
proposal and its veriﬁability at the Large Hadron Collider.
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(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.A generic framework [1] has been proposed for understand-
ing how dark matter (DM) and ﬂavor are connected through the 
125 GeV particle [2,3] discovered at the Large Hadron Collider 
(LHC). It is assumed to be the one Higgs boson h of the stan-
dard model (SM), but its couplings to some of the SM fermions 
are forbidden at tree level by a ﬂavor symmetry such as A4, and 
occur only in one loop by the soft breaking of this ﬂavor sym-
metry in the dark sector. A veriﬁable consequence is the possible 
deviation [4] of the Higgs Yukawa coupling from the SM prediction 
of m f /v , where m f is the mass of the fermion and v = 246 GeV
is the vacuum expectation value of h. Here we consider a generic 
collider signature from the new particles of this proposal.
Our speciﬁc starting point is the radiative generation of
charged-lepton and d quark masses as proposed in Ref. [1].
In Figs. 1 and 2, η+ is part of a scalar electroweak doublet 
(η+, η0) ﬁrst introduced in Ref. [5]. It is distinguished from the 
SM Higgs doublet (φ+, φ0) by an exactly conserved (dark) discrete 
Z2 symmetry, under which (η+, η0) is odd and (φ+, φ0) is even. 
The scalar singlet χ+ is also odd. There are three neutral singlet 
Dirac fermions N1,2,3 which are odd under Z2 as well. The scalar 
color triplet ξ−1/3 is part of an electroweak doublet (ξ2/3, ξ−1/3)
and ζ−1/3 is an electroweak singlet. They are also odd under Z2. 
Hence all the particles in the loop are distinguished from those of 
the SM by this dark Z2 symmetry. If desired, Z2 may be promoted 
to a gauged U (1)D as shown in Ref. [6]. In this scheme, ﬂavor is 
being carried by the neutral singlet fermions N1,2,3, the lightest of 
which, say N1, is a DM candidate.
The usual tree-level SM Yukawa couplings, i.e. φ0l¯LlR and 
φ0d¯LdR , are assumed to be forbidden by a ﬂavor symmetry [1]. 
This ﬂavor symmetry is then broken softly by the 3 × 3 N¯LNR
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SCOAP3.Fig. 1. One-loop generation of charged-lepton mass.
Fig. 2. One-loop generation of d quark mass.
mass matrix, allowing the loop to be connected. Flavor is thus car-
ried by the dark matter fermions N1,2,3. The ﬂavor structure of 
dark matter is transmitted to the visible sector through the radia-
tive mass-generating mechanism, using the one Higgs doublet of 
the standard model. The color-triplet scalars ξ and ζ are analogs 
of the scalar quarks of supersymmetry (SUSY), but there is only 
one copy of each and they do not carry ﬂavor. Because they are 
colored, they are produced copiously in pairs by gluons at the 
Large Hadron Collider (LHC). To see how they may be detected, 
consider the following scenario with the simplifying assumed in-
teractions:
Lint = f (d¯R N1L + s¯R N2L)ζ−1/3
+ f ′(e¯R N1L + μ¯RN2L)χ− + H .c. (1) under the CC BY license (http://creativecommons.org/licenses/by/3.0/). Funded by 
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8 TeV from CMS-PAS-SUS-13-019 [17].
Assume further that mζ > mN2 > mχ > mN1 , then ζ decays to 
sN2 and dN1. Whereas N1 is stable, N2 decays to μ±χ∓ , and 
χ∓ decays to e∓N1. This implies a signature of the type 2 jets +
μ± + e∓ +missing energy (EmissT ) at the LHC, and is rather distinct 
because of the different charged leptons in the ﬁnal state. In su-
persymmetry, ﬂavor is organized from quark to squark and lepton 
to slepton. Here it is organized through the ﬂavored DM particles 
N1,2,3.
In the following we take the above simpliﬁed model, and see 
how it may be probed at the LHC. The color-triplet ζ behaves as 
a squark, so it couples to gluons, but since there is no gluino, 
it has no connection to quarks except through Eq. (1) which al-
ways involves N1,2,3. As such, the branching fractions of ζ → dN1
and ζ → sN2 are roughly equal, i.e. 0.5 each. The mass of the 
charged scalar χ is constrained to be greater than 70 GeV from 
LEP data [16]. However, after analyzing the model with a range of 
masses, we ﬁnd that the best scenarios of optimizing the ratio of 
the cross sections of the signal divided by background under vari-
ous cuts are those for mN2 = 400 GeV and mχ = 200 GeV. For the 
results below, we use the speciﬁc mass scheme of mζ > mN2 >
mχ >mN1 , as already mentioned.
Our model is implemented in CalcHEP [7] to generate parton-
level events using the CTEQ6M parton distribution functions 
(PDF) [8], which are then analyzed with PYTHIA 8 [9,10] to pro-
duce leading-order (LO) results. The LO production cross section of 
the squark analogs (hereby referred to simply as squarks) is ver-
iﬁed through the Feynrules [11] interface with Madgraph 5 [12], 
producing a cross section consistent with CalcHEP. Whereas the 
main signature of this model is distinct from that of SUSY squarks, 
SUSY models with only one light family of squark and the gluinos 
decoupled (called simpliﬁed topologies) will have the same pro-
duction cross section as the squarks here. Most importantly, the 
masses excluded by the LHC are much lower for such models as 
seen in Fig. 3. This scenario is used for the expected 13 TeV data 
where the production cross sections of the squarks are compared 
to simpliﬁed topology models of SUSY squarks, which are calcu-
lated at Next-To-Leading-Order (NLO) and Next-Leading-Log (NLL) 
by C. Borschensky et al. [13]. The comparison of our LO calculation 
to these results is used to obtain a k-factor in order to approximate 
the NLO contributions to the squark production. For the opposite-
sign opposite-ﬂavor dilepton events, the main background is from tt¯ pairs, unlike the same-ﬂavor case which has signiﬁcant contri-
bution from Drell–Yan production [14]. For the expected 13 TeV 
data, only the tt¯ background is generated with CalcHEP, using a 
k-factor to scale to the NLO production cross section for tt¯ [15], 
and analyzed with PYTHIA 8.
In addition to the opposite-sign opposite-ﬂavor dilepton +
2 jets+ EmissT signature, it is also possible for each squark to decay 
directly to DM and a quark, thus producing two jets and missing 
energy, without any lepton. As a result, SUSY searches at 7 TeV 
and 8 TeV for this signature in simpliﬁed SUSY topologies offer 
useful constraints on our model. The searches at 8 TeV [17] are 
presented in Fig. 3. For our model, the 7 TeV (not shown) and 
8 TeV (Fig. 3) data are taken into account by ensuring the cross 
section for ζ decaying directly to dN1 is lower than the upper 
limit observed at the LHC for a single squark (in a simpliﬁed 
topology) decaying directly to a quark + LSP. After these con-
straints are taken into account, the results from the 7 TeV [18]
and 8 TeV [14] searches looking for events with 2 leptons, 2 jets, 
and missing energy do not provide any further constraints. Ad-
ditionally, it is possible for the squark to be produced through 
a t-channel process directly with DM producing a monojet sig-
nal, however this production cross section is a smaller contributor 
to an LHC signal than the dijet + EmissT . Such a monojet + EmissT
signature for DM has been investigated in a model independent 
way (see [19–22]). When taking into account the monojet signa-
ture, the upper bound of allowed events in the 8 TeV data [20]
is taken into account, at LO, if a squark mass above 400 GeV is 
assumed. Additionally, studies on DM that can interact with a col-
ored scalar have explored the constraints from relic abundance 
and direction detection of DM, which are potentially more re-
strictive than the LHC [19,21,22]. In particular, XENON100 is able 
to probe down to 10−45 cm2 for a DM mass of 100 GeV [22], 
which would rule out much of the parameter space if f is of or-
der unity. However, to yield the proper down quark mass a value 
of f ≈ 0.01 must be used and the spin dependent, direct detec-
tion, cross section for Dirac fermion dark matter [22] can be of 
order 10−45 cm2 for a squark mass of 400 GeV and a DM mass of 
100 GeV.
We now present our analysis for the expected 13 TeV run. Six 
cuts are applied to the signal and background events in PYTHIA, 
with four of the cuts corresponding to the cut regions from [18], 
while the last two cut regions are found to be effective for our 
model based on our analysis. All of the six cuts are described in 
Table 1 below, with the resulting tt¯ decay cross section in each 
cut region. Each cut is implemented in PYTHIA 8 and applied to 
both the signal events, and the background events from tt¯ decays. 
A signal-to-background (SB) ratio of the resulting cross sections 
is calculated for each choice of squark and DM mass. In Figs. 4
and 5 we show the regions in which the choice of DM mass and 
squark mass satisﬁes SB > 5 for various cuts. Two of the cut re-
gions, R1 and R4, do not have any mass choice for which SB > 5, 
and so do not appear in Figs. 4 and 5.
As seen in Figs. 4 and 5, the cuts R5 and R2 allow fewer mass 
choices to have a large SB ratio. This can be understood after con-
sulting the resulting background cross sections in Table 1, which 
show that the background cross section for these cuts is larger 
than the cuts R6 and R3, so while fewer background events survive 
these more stringent cuts, the background events are cut down 
even further producing the results seen in the ﬁgures.
In conclusion, the model outlined in this paper could be ob-
served at the LHC during the 13 TeV run, and has a signature 
distinct from SUSY. The major difference between this model and 
SUSY is that the signature is produced solely in the opposite-
ﬂavor channel, however, same-sign searches use the opposite-
ﬂavor events to estimate the ﬂavor symmetric background [14], 
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Cuts applied to the signal and background for opposite-sign opposite-ﬂavor dileptons + 2 jets + missing energy (EmissT ). 
The values of EmissT , HT (the scalar sum of transverse jet momentum), and transverse momentum of jets and leptons (pT ) 
are in GeV. Also shown are the resulting SM background cross section after the cuts are applied in PYTHIA.
Cut: EmissT HT p
j
T (p
l
T ) |ηj| upper-limit |η| e (μ) upper-limit σpost-cut (fb)
R1 275 300 30 (20) 3.00 2.40 (2.50) 10.0
R2 200 600 30 (20) 3.00 2.40 (2.50) 0.5
R3 275 600 30 (20) 3.00 2.40 (2.50) 0.4
R4 200 > 125, < 300 30 (20) 3.00 2.40 (2.50) 33.1
R5 200 350 30 (20) 3.00 2.40 (2.50) 7.1
R6 200 350 150 (25) 3.00 2.40 (2.50) 1.2Fig. 4. Masses for N1 and ζ that could produce a signal-to-background ratio, when 
compared to tt¯ decays, larger than 5 in the opposite-sign opposite-ﬂavor dilepton +
2 jets + missing energy signature, under the R2 and R3 cuts.
Fig. 5. Masses for N1 and ζ that could produce a signal-to-background ratio, when 
compared to tt¯ decays, larger than 5 in the opposite-sign opposite-ﬂavor dilepton +
2 jets + missing energy signature, under the R5 and R6 cuts.
and subtract it from the observed same-sign background to ob-
tain a signal for SUSY [14]. Given a similar search strategy, our 
model would predict a signiﬁcant negative signal in same-ﬂavor searches. As a result, any large, positive, signal in the same-ﬂavor 
channel could potentially rule out or heavily constrain our model. 
For example the mass choices that produce large SB ratios would 
be ruled out in such a scenario. In addition, searches at 13 TeV 
for ζ decaying directly to dN1 will provide further constraints.
Acknowledgement
This work is supported in part by the U.S. Department of Energy 
under Grant No. DE-SC0008541.
References
[1] E. Ma, Phys. Rev. Lett. 112 (2014) 091801.
[2] ATLAS Collaboration, G. Aad, et al., Phys. Lett. B 716 (2012) 1.
[3] CMS Collaboration, S. Chatrchyan, et al., Phys. Lett. B 716 (2012) 30.
[4] S. Fraser, E. Ma, Europhys. Lett. 108 (2014) 11002.
[5] E. Ma, Phys. Rev. D 73 (2006) 077301.
[6] E. Ma, I. Picek, B. Radovcic, Phys. Lett. B 726 (2013) 744.
[7] A. Belyaev, N.D. Christensen, A. Pukhov, Comput. Phys. Commun. 184 (2013) 
1729.
[8] J. Pumplin, et al., J. High Energy Phys. 0207 (2002) 012.
[9] T. Sjöstrand, S. Mrenna, P. Skands, J. High Energy Phys. 0605 (2006) 026.
[10] T. Sjöstrand, S. Mrenna, P. Skands, Comput. Phys. Commun. 178 (2008) 852.
[11] A. Alloul, N.D. Christensen, C. Degrande, C. Duhr, B. Fuks, Comput. Phys. Com-
mun. 185 (2014) 2250.
[12] J. Alwall, R. Frederix, S. Frixione, V. Hirschi, F. Maltoni, O. Mattelaer, H.-S. Shao, 
T. Stelzer, P. Torrielli, M. Zaro, J. High Energy Phys. 1407 (2014) 079.
[13] C. Borschensky, M. Kramer, A. Kulesza, M. Mangano, S. Padhi, T. Plehn, 
X. Portell, arXiv:1407.5066 [hep-ph].
[14] CMS Collaboration, CMS-PAS-SUS-12-019.
[15] M. Czakon, P. Fiedler, A. Mitov, Phys. Rev. Lett. 110 (2013) 252004.
[16] A. Pierce, J. Thaler, J. High Energy Phys. 0708 (2007) 026.
[17] CMS Collaboration, CMS-PAS-SUS-13-019.
[18] CMS Collaboration, Phys. Lett. B 718 (2013) 815, arXiv:1206.3949 [hep-ex].
[19] S. Chang, R. Edezhath, J. Hutchinson, M. Luty, Phys. Rev. D 89 (2014) 015011.
[20] H. An, L. Wang, H. Zhang, Phys. Rev. D 89 (2014) 115014.
[21] A. DiFranzo, K.I. Nagao, A. Rajaraman, T.M.P. Tait, J. High Energy Phys. 1311 
(2013) 014.
[22] Y. Bai, J. Berger, J. High Energy Phys. 1311 (2013) 171.
